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ON THE USE OF THE POTENTIOMETER. 561 

deterinination of the angles of incidence, for which the 
centres of the zones of disappearance of the fringes are  at 
the centre of the field, will give by calculation or by the 
graphic method employed by Beaulard * the direction of 
the optic axis with respect to the faces of ihe quartz, 

XXXVI. The LTse of the Potentiompter o n  Alternate Current 
B y  CHARLES V. DRYSDALE, .D.Sc.t 

ONE of the greatcst inconveniences in coniiexioii with 
alternate current ineasurements has always been the question 
of range. Owing to the fact that  all instruments employed 
for direct indication of alternate currents or P.D. have a 
square law, their range is sinall and they becoiiies iin- 
practicably delicate when low voltages are concerned. 
There is therefore a very greet need for some iiistrunient 
wliich. like the direct-current potentiometer, should be 
capable of measuring P.Ds. and currents of any range with 
accuracy. I t  would also be a great convenience if this 
instrument were capable of indicating the phase as well as 
the magnitude of the P.D. or cixrrent tested. 

In  attempting to apply the potentiometer principle to  
alternnte current measurements, two processes seem to be 
possible- (a )  the balancing of the alternate current P.D. 
against an equal direct current P.D. by the einploylnent of 
some differential balaiicing device preferably of an electro- 
static character, or ( h )  the balancing of two alteraste current 
P.Ds. against one another. Such propositions as have 
hitherto Leen made for a n  alternate-current potentiometer 
have, the writer believes, always been based on the foriiier 
idea, owing to the fact that the latter principle would involve 
eqnality of phase as well as of P.U. in the two voltages 
compared. H e  understands that some time ago Mr. Swin- 
buriie suggested the use of a differential electrometer in 
colinexion wit11 a poientionieter, but  hiw not seen any 

* Tlksc rla Zloctornt ,  llnrseille, 1803. 
.t Eelcl ,Jnnaa~y 2 2 ,  190 1. 
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details. An obvious device wouid be that shown in fig. 1, 
i n  wliicb the P.D. to be nieasurcd is applied between the 
needle and one pair of quatlrants, while that, derived from 
the potentiometer is connected between the needle and the 
other pair of quadrants, in each case through a colisiderable 

Fig. 1. 

STANDRRD CELL A C .  P.D.  V,. 

resistance, say one megohiti. By connecting R key to the 
opposite pairs of quad ra n ts, which ii o rmal ly short-circuits 
them, but disooiiilects thein when depressed, a deflexioll 
should be obtained to right or left proportional to VI2-Ve2 
or 2VtEV when balance is nearly obtained. Any want of 
symmetry in the electrometer should he eliminated by con- 
necting the standard cell :IS shown, so as to ohtain a double 
weighing ni c tho d .  

The 1)r’ocetinre in t1ii3 cn*e i b  very +iiiiple, and exactly 
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resenlbles ordinary direct-current potentiometry. The sole 
difficultj lies in the clectrometer. It should be possible hp 
~~lulticellular devices, or otherwise, to obtain a fair amount 
of sensitiveness with 1 or 1$ volts, the Y.D. of the standarfl 
cell, as has btieii done by Mr. Addenbrooke, but when we 
coine to a tenth of a volt or less, us is so often necessary in 
corrent measurement, electrostatic devices seem hopeloss. 
All other magnetic or thermal devices are incorrect in 
principle as  requiring an  appreciable current to  operate 
them, which iiiilitates against the accuracy of the potentio- 
ineter ; but by employing a low-resistance potentiometer, 
and a differential tlierinal device, such as could be made 
from the Duddell tliermo - gtlvanometer employing two 
j nnctions and two heaters, or two crossed thermo-junctions 
i n  series, a snfficiently sensitive and accurate potentiometer 
could perhaps be made. 

In  view of the difficulty of making such devices, however, 
the writer has turned his attention to the second method, i. e .  
of balancing the alternate current P.D. to be measured 
against a known alternate current P.D., by the interposition 
of a sensitive alternate-current detector, such as a telephone 
or vibration galvanometer. This of course implies that the 
two voltages under comparison must have the same magnitude, 
frequency, and phase, ,zud, approximately, the same wave- 
form *. 

The equality of freqnency is of course secured by deriving 
the test and comparison voltages from the same source of' 
s"pl~ly, but some special device is needed for bringing the 
phases into coincideace. I n  some experiments recently 
made with the writer's phase-shifting transformer, however t ,  
the accuracy of the phase-variation was found to be so good 
that it was thought worth while to introduce it into potentio- 
meter work ; and fig. 2 shows the diagram of the connexions 
which hare  been employed. The phase-shifter is here shown 
sllpplied with single phase current through a phase-splitting 

* Since this was written the writer has been informed that Dr. Siimpnpr 
hafi somewhere suggested that an alternating-currelit potentiometer could 
be made, if any means were ttvailuble for bringing the phase of the current 
in the slide-wire into coincidence with that uf the P.U. to be measuised. 

t ' Electrician.' Dec. 11, 1908. 
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device, which can be built up with it SO that it merely 
requires connecting straight on to  the mains. The current 
derived from the secondary of this transformer traverses the 
rheostat coils, and slide-wire of an  ordinary potentiometer, 
such as  the Crornpton form ; and also some: form of d p a -  
mometer-current measuring device. The writer has found 

Fig. 2. 

"1 

STRNDRRD CELL. k VOLT Loan. Box. 

Low RSYSTRNCE. 

a Weston A. C. voltmeter excellent for this purpose, as it 
gives a very good reading with the current (-05 ampere) 
einployed with the Crompton potentiometer. The remainder 
of the potentiometer is connected up precisely as for ordinary 
direct current working, except that a vibration galvanometer 
is substituted for the ordinary form. By having an auxiliary 
battery B and throw-over switch S, the arrangemellt is 
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alsyays ready for either direct-current or alternate-current 
c+oltiparisons. 

Tlie procedure is then as follows :-The throw-over switch 
is first arranged to supply direct cizrrent froin the battery B, 
a1ld the rheostat altered until the standard cell is balanced :it. 
its iioniiiial value, as in ordinary direct-current working. 
Tlie dynamometer reading is then cli*efully noted, or a 
fiducial inark is made, which always represents the exact 
* O j  ampere. O n  now throwing over to alternate current, the 
rheostat is altered to reproduce the same R.M.S. current as  
indicated by the dyixunonieter D ; and the position of the 
potentioineter contact is shifted and the phase-shifter turned, 
until the vihmtion galvanoineter shows no vibration. The 
adjustirieiit is very similar to that of the two resistances in an  
Anderson's bridge, and presents no difficulties. The voltage 
and phase are then read off' on the potentiometer and phase- 
shifter respectively. In the illustration a low resistance is 
connected in series with the load, and a volt-box in parallel 
with it, and the current and P.T). can be determined directly 
it1 the ordinary tvny. Of course the phase-shifting trans- 
former muqt always be connected to the  same source of 
supply as the load. 

Instead of the vibration gnlvanometer, a dynamometer or  
electrometer in which one pair of terminals is connected to  
the supply so as to be " separately excited," and the o thw 
to  the ordinary galvaiionieter terminals, has been employed 
with good results. The deflexions are then to left or to 
right as in an ordinary galvanometer. But i t  must n o t  be 
forgotten in this case that balance will be obtained not only 
when the vectors of the two P.Ds. compared are coincident, 
but also when their vector difference is in quadrature with 
the P.D. of the supply. For  this purpose, if such an  instru- 
ment is used it must have its exciting terminals '' changed 
over froin one phase to the other, and balance secured in 
both cases. 

Before giving examples of readings obtained in this 
inamer, me must consider what is really measured. I t  is 
obvious that this device does not indicate the effective or  
R.M.S. value of the P.D., except when the supply and tested 
11 are-forins are bcltli sinusoidal or  of identical form. When 
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a vibration galvanometer is employed, its sensitiveness to the 
fundamental wave is so great in comparison with that to 
the harmonics, that  we shall be practically correct in assuming 
that i t  is the fundamental wave only which is measured, and 
the  comparison is really between the mean and not the 
R.M.S. values. On the other hand, if there is any serious 
difference of wave-form, the sensitiveness to  the npper 
harmonics should be sufficient t o  prevent an exact balance 
being secured, and this warns US when great accuracy is not 
to be expected. 

The effective value of an irregular periodic voltage is 

where T,, is the effective value of the harmonic of order n. 
If' the sum of the sq1iare.g of the higher harmonics is small 
in comparison with the sqiiare of the fundamental, we may 
take the approxiinate squ:we root, aiid 

1 \ ' = V I + -  2p, zJ7112, 
or 

\vhere ZV,,' in the last two expressions implies the sum of 
the squares of the effective values of all the har~nonics, 
excluding the fundRinenta1. 

In the case of a single harmonic this beconies 

and the exprc~sion in brackets only differs 1 per cent. from 
unity when v,& is 14 per cent. of VI. Such a difference 
should be fairly easily recognizable, and would probably be 
sufficient to prevent the obtaining of a perfect balance on the 
vibration gnlvanoinetcr ; and, moreover, if the distortion of 
wive-shape is great, ihere is little object, as a rule, in great 
accuracy of measurement. If accuracy is required in such 
cmes, it can of course be secured by tracing the wave-shape 
and making the above correction, but if care is taken to  haw 
a supply of fairly sinusoidal wave-form, the iiieamreinentu 
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may be considered sufficiently accurate for the majority of 
purposes. It should be observed that this difficulty, or it 

similar one, is iriseparable from any method which can be 
devised, in which the detector is employed to indicate the 
diference between the test and potentiometer P.Ds. as is 
done with direct currents. 
Measurenzent.F.-'~wo illustrations will be sufficient to show 

the possibilities of the method. A n  ordinary Crompton 
potentiometer was used with a Weston dvnamoineter volt- 
meter in series with i t ,  and the connexions were made as in 
fig, 3. A ICubens vibration galvanometer was at first used, 

Fig. 3. 

but was replaced by a Camphell bifilar instrument, which 
was found much more sensitive and convenient. A check 
with direct current and a Cadmium cell showed that the 
normal current was obtained when the dynamometer indicated 
82 "volts," and this reading was reproduced in all the 
a1 term t e-cur r en t measurem en t s , 

The first test was a comparison of the readings of a 
Kelvin Deka-ampere-balance, with the current as given by 
the P,D. across n Crompton -04 o manganin resistance. 
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The following results were obtained :- 

DR. C. l’, DI{I’SDALE O S  T H E  USE O F  THE 

P.D. by 
Potentio~neter. 

1902 

‘8018 

*RO22 

- 

Current by 
Potentiouneter. 

23.05 

20.045 

18.055 

25 

20 

15 

Frequeiicy of supply 72 5. 

The readings were obtained with great ease and definiteness, 
half a division on the slide-wire, or *0005 volt, being easily 
detected, in spite of the fact that tronblo was fonnd from 
inachanical vibration, as the alternator was in the same room. 
There seems no reason to doubt that *0002 volt could be 
easily detected, or that a drop of *1 volt could be measured 
to an accuracy of *2 per cent. or closer. The readinw of 
the phase angle repented themselves constantly to within 
-1 degree. 

To give some idea of the accuracy of phase ineasureuncnts, 
a resistance and ironless choking-coil were connected in 
series with the -04 o resistance, and an alternating current 
of 15 amps. a t  60 - passed through the coinbination. 
Readings were then taken of the P.D. across the ,040 
resistance, across the choking-coil, total resistance, and the 
whole circuit, the last three being taken by the aid of a 
l o x  1 volt box. 

? 

The following are the results :- 

~~~ 

94 resistance ... 
Total resistance . 
Choking-coil ...... 
Mains ............ 

I 1 First  Test. 1 1  Second Test. ~ 

-5960 

3.117 

4.880 

6.185 

Circuit. 1 P.D. 

46.5 

47.1 

125.9 

95.3 

i . . . . . . . . . . . .  
3108 47’3 

4.928 125 

6.218 94.9 

Phase-angle, 

The difference between the first and second readings is due 
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to the fact that a carbon resistance was employed which 
became heated. 

Fig. 4 is a graphical representation of the result in the 
ladt case, the horizontal line representing the resistance drop, 
and the other two lines the drop across the choking-coil and 
whole circuit reJpectively. Although the triangle does not 
quite close, the result inny be taken as  satisfactory in coii- 
sideration of the fact that single phase supply was used in  

Fig. 4. 

RESISTANCE. 

this case, ancl the phase was split by condensers. It shonld 
be noted also that errors in the phase angle do n o t  ill any 
way affect the accuracy of t,he magnitudes of the P.Ds. 

The writer has designed a potentiometer in which a small 
phase-shiftin g transformer and dynamometer are included in 
the case, with a throw-over switch, permitting the intrument to 
be used as either a direct or alternate current potentiometer. 

Fig. 5 shows the connexions, which need little explanation. 
The main circuit of the potentiometer, consisting of the 
rheostats R, and R2, the two dials DL and D,, the side-wire w, and the dynamometer D, is connected to two of the blocks 
of the change-over switch C, which is similar in form to the 
well-known selector switch used in the Clrompton Potentio- 
meter. The derived P.D. from the dial I), and slide-wire 
contact is led by the key K and the selector switch S to two 
more of the contacts on C. The remaining eight contacts on 



C are connected in  pairs to  the phase-shifting traiisfor~~ler p, 
the battery ter ininnls D. C., the ordinary galva~~oiiieter 
terniin;ils (3, and the vi bration galvanoine ter terininals V.G. 
The phase-shifter priinary is excited from the terminals $,c., 
which are  here shown four in number, for  two-phase or split- 
phase. A siiigle motion of the switch C to right or left 
connects the main circuit of the  potentiometer on t o  the 
battery or secondary of the transformer, and simultaneously 

Fig. 6. 

TI T2 T3 T4 TS OTso 
r 1 

P. C 

I ‘  I 

V.G 

A.C 

H 

connects the sliding contacts through the selector switch to 
tho appropriate galv~rnometer. The keg I< being provided 
with a holding-down cam, leaves the hands free to  I I I O V ~  the 
potentioineter contacts and rotate the phase-shifter simul- 
taneously. A frequency meter F of the vibrating reed type 
may be fixed on the base if desired, in which case the instru- 
ment is available for inductance and capacity measurements. 

The dynamometer D is not provided with a scale, but with 
a fiducial mark wbich can be slightly adjusted to suit the 
standard cell-check. It will also be macle astatic to avoid 
risk of error from stray field. 

Tlii- apparatus should be capable of giving very good 
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results. In the meantitile the results already obtained appear 
t o  justify the belief that this method is capable of. being used 
IITith considerable accuracy and convenience for all P.D., 
current, and phase measurements. 

The nnmerous applications of such an instrument are 
obvious, a n d  include P.D., current, phase, and power mea- 
surement over almost RII.Y range ; inductance and capacity 
test, and deterniiiiation of dielectric losses, &c. One of the 
most valuable applications, however, is to search-coil work 
with alternate current, whereby the distribution of main 
and leakiige fluxes in cores, and the propagation of magnetic 
impulses can bp studied, and the variation of current and P.D. 
along a cable fed with alternate currents. 

The writer’s thanks are heartily tendered to  Mr. A. (j. 
Jolley fo r  setting up the apparatus and great assistance in 
the experiments. 

DISCUSSION. 
Mr A. CAMPBELL remarked that the first method suggested by the 

author had already been described by Mr. J. Swinburne (Phys. Soc. 
Dec. 1893). It was also wed with success a t  the Reichsanstalt in an 
improved form by L)r. Drewall (Zeitachr. fur Instrumentenkunde, April 
1903). Dr. Drysdale’s phase-turning method waR interesting and would 
give good results in many cases. The vibration galvanometer, howevar, 
was so very much more sensitive for its own frequency than for  others, 
that it would not be likely to  give any indication of errors due to other 
harmonics unless they were very pronounced. Hence the method must 
be used with great caution. 

Mr W. DUDDKLL expressed his interest in the paper, and asked if the 
limit of accuracy depended on the sensitiveness of the galvanometer and 
if this was limited by the  back EMF. of the instrument. H e  pointed 
out that the harmonics could be investigated by tuning up the  grtlvano- 
meter to  be in unison with them. The device by which the  phase wad 
changed wichout changing the current was very useful. 

hIr RAYNER pointed out that the accuracy attainable depended on the 
sensitiveness of the Weston voltmeter employed. A vital point in  the 
instrument mas the phase-shifter with the  sinusoidal windings. By 
using two galvanometers the fundamental and a hnrinonic could both be 
measured. 

Mr. PATERSON joined with others in expressing appreciation of the 
paper. Dr. Drysdale claimed that  low resistances dropping 0.1 volt could 
be used. with this potentiometer. H e  presuiued that the object of 
measuring the phase displncenient between the two E.M.F.8 was to 
obtain a value for the matts in the circuit. I n  this case the employment 
d low resistance3 \yits R p e t i t  disacIT.antage on nccouut of the large time 
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constant which these shunts necessarily have, even though const,ructed 
with the utmost care. He thought the failure of the vector diagram 
exactly to  close was more likely t o  be due to  some such error coming in 
t o  the messurenient of the phrise-angle than t o  any inaccuracy in t h e  
Kelvin Balance-as hinted by the  Author. 

The AUTHOR, in reply, said tha t  he regretted that  time had not per- 
mitted his making further investigations into previous work in this 
direction, but he had alluded t o  hIr Swinburne’s suggestions, and had 
claimed no credit for the electrostatic device. RIr Cantpbell’s criticisnis 
niainly dealt with wave-form errors. Of course where iron cores at  con- 
siderable saturation were employed, the distortion of wave-shape would 
be considerable, but with the single exception of power measurement 
which should then be made with a wattmeter, he knew of no object in 
mch cases for accurate P.D. or current measurements. For ordinary 
standardisation of P.1). and current, this difficulty did not preseut 
itself, as there was no difficulty whatever in obtaining a sufficiently 
closely sinusoidal wave-form, and the wave-forins of the measured and 
balancing P.L)s. were usually siniilar, being derived from the Same sollrce. 
The use of a second vibrat.ion gitlvanometer tuned to the third liarmonic 
would be excellent if it  WAS desired to  measure them, but he believed 
that  i t  would rarely be necessary, and there should be no difficulty in 
niaking measurements t o  an accuracy of 0.1 per cent. with the ordinctry 
alternators and resistances. For inductance and capacity measurements 
there was of course a po8itive advantage in an instrument which dis- 
regarded the harmonics. I n  reply to  X r  Duddell, there was no doubt that 
the vibration galvanoineter did give ~t back E.M.F., as was sho-m by a 
telephone connected to its terminals when the coil was set in motion, 
and this would probably increase the danipiug, but he did not know the 
amoutit of the infinence on the sensitiveness. H e  was glad the importance 
of the siniisoidd winding of the phase-shifting transformer was appre- 
ciated, and hoped that  i t  would be found effective in preserving perfect 
equality of the potentiomet.er current LLS the  phase was varied. It was 
true that  slots or tunnels were employed i n  the stator core, but they were 
of considerable number, and the rotor and stator pitches were incom- 
measurable. As to accuracy, i t  was true that this T ~ S  limited by the 
dynaniolneter instrument, bu t  this was fairly sensitive R,S i t  was always 
used at its best range, and it was to be doubted whether it was possible 
under any ordinttry circuinstances to nmke alternate current measure- 
uionts t o  within an nccurttcy of a few parts in ten thousand, offing to 
varitttions in the alternator sqeed o r  E.PII.1;. Finally, he was certain that 
no ordinary low resistance standards would give any appreciable inductire 
errors. To produce an error in magnitude of -1 per cent.. would require 
a phase displacement of about 8.7 degrees, wliioh was only slightly 
exceeded by helical iron wire resistances at CiO-C, and the strclight strip 
resistal~ces of the I<eictisxnstalt form were nluiost the perfectioll of non- 
inductive resistances. 
closing of tile yector triangle. 

111 any case inductcnico would uol. affect 


